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Density-dependent territorial interactions have been suggested to
cause immunosuppression and thereby decrease fitness, but em-
pirical support from natural populations is lacking. Data from a
natural lizard population (Uta stansburiana) showed that breeding
females surrounded by many territorial neighbors had suppressed
immune function. Furthermore, variation in immunological condi-
tion had different effects on the fitness of the two heritable female
throat-color morphs in this population. These interactive fitness
effects caused correlational selection between female throat color
and immune responsiveness. Population genetic theory predicts
that this should have lead to the buildup and preservation of a
genetic correlation between female morphotype and immunolog-
ical condition. Accordingly, the throat color of a female was
genetically correlated (rA 5 21.36; SE 5 0.55) with her daughter’s
immune responsiveness.

Major fitness components, such as survival and fecundity,
are strongly affected by density-dependent competition (1,

2). The ecological and physiological mechanisms causing re-
duced fitness at high densities remain unclear in most species, but
density-dependent social interactions have been suggested to
suppress immune function and thereby have a deleterious effect
on fitness (3, 4). Despite recent and growing awareness of the
importance of individual variation in immune function in eco-
logical and evolutionary studies (5, 6), data from natural,
free-living populations are lacking. Moreover, our knowledge of
the fitness consequences of individual variation in immunolog-
ical condition as well as the environmental and genetic factors
influencing this variation in nature is very limited.

We studied variation in immune responsiveness, survival, and
density-dependent competition in a free-living Californian pop-
ulation of side-blotched lizards, Uta stansburiana (7–9). This is an
annual species throughout most of its range, and it is character-
ized by very high densities of both adults and juveniles. These
high densities lead to territorial interactions between neighbors
and have negative effects on progeny and adult survival (10, 11).
In several lizard species, including side-blotched lizards, males
and females occur in discrete and heritable color morphs that
differ markedly with respect to behavior, physiology, and life-
history traits (12–16). Although a simple genetic mechanism may
control throat color in side-blotched lizards, color is also cor-
related with differences in steroid hormone levels, which, in turn,
have pleiotropic effects on other behavioral, physiological, and
life history traits (13–15). Moreover, throat color and other traits
are under strong natural and sexual selection that favors par-
ticular combinations of life history traits in the different
morphs (14).

Females in our study population occur in two heritable
throat-color morphs: ‘‘orange’’ and ‘‘yellow’’ (14). Both total
population size and the frequency of these two female morphs
fluctuate rapidly across years, because of negative frequency-
dependent selection in which each morph is selectively favored
when rare (14). Orange females produce large clutches of small
eggs and are favored at low density, whereas yellow females
produce small clutches of large eggs and are favored at high
density (14). The net result of these density- and frequency-

dependent oscillating selection pressures is an intrinsic cycle in
population density that requires only 2 years to complete one
oscillation (14). We studied whether density has different effects
on immune function of the two female morphs, and the effects
on female survival. In addition, we estimated the heritability and
genetic correlations for throat color and immune function in
free-ranging lizards.

Materials and Methods
Study Organism, General Field, and Laboratory Work. Side-blotched
lizards, U. stansburiana, are small (7–10 g) lizards that mature 1
year after hatching, and most adults survive only 1 season of
reproduction. In our study area in the Coast Range of central
California, adult population densities in certain years may
approach 800 per hectare and juvenile densities 2,600 per
hectare, which is probably among the highest for terrestrial
vertebrate populations (11). As part of our long-term population
studies (14), we captured and observed lizards during the
reproductive seasons (late February to August) of 1998 and
1999.

In the beginning of the season (late February and early
March), all animals were individually marked (toe clips), and
their subsequent behavioral activities were closely monitored for
the rest of the season. Home range boundaries, home range sizes,
and the number of neighbors for each focal female were calcu-
lated from mapped locations of individual females during the
vitellogenesis of their first clutch (March to April). Home range
areas were computed from the minimum convex polygon, cir-
cumscribing all mapped locations for each individual female
(minimum of 5 female observations; refs. 9, 10, and 15). The
females that had polygons that overlapped with a focal female
were considered to be neighbors of that female.

Females were captured before they laid their eggs and were
brought into the laboratory to obtain eggs. After oviposition, all
females were released again on the site of capture. Females that
survived in the field to lay later clutches were recaptured, hence,
we could assess survival between clutches. Mean survival be-
tween the first and the second clutch was 0.588 (SE 5 6 0.086)
in 1998 and 0.527 (SE 5 6 0.068) in 1999. The survival of females
that remained in the field on a control outcrop was similar or
equal to the survival of the females that experienced the brief
laboratory stay that was required to obtain progeny and hence
calculate heritability of immune and throat-color traits (10, 14).

Eggs obtained from the dams were incubated in a common
laboratory environment with temperature and hydric conditions
carefully controlled until hatching (7, 11). Incubation in this
common laboratory environment controlled for maternal effects
in the field because of differences in oviposition sites between
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dams (7). In addition, the sizes of some eggs were manipulated
upwards (follicle ablations) or downwards (yolk removals),
whereas others served as unmanipulated controls, as part of our
long-term, ongoing experimental field study (7, 11, 14). These
experimental manipulations controlled for maternal effects at-
tributable to differences in the amount of yolk deposited in the
eggs (7). Finally, hatchlings were released in the field shortly
after hatching (1–3 days), and releases were randomized with
respect to the dam’s home range (11, 14), to control for maternal
effects because of habitat differences of dam’s home ranges (7).
Hatchlings that survived in the field to maturity were recaptured
at the beginning of next year’s reproductive season and, because
of high recruitment rates, we were able quantify maternal effects,
heritabilities, and genetic correlations by comparing traits be-
tween parental and offspring generations (14).

Measuring Immune Function. We performed immunization exper-
iments in the lizards to asses immune function. The rationale
behind these experiments is that by challenging the immune
system with a novel antigen (typically a protein), one can get an
estimate of an individual’s ability to elicit an immune response
toward a novel pathogen (17–19). Strength of individual immune
responses (e.g., antibody responses) reflects the ability to mount
a response against novel antigens from microorganisms and is
therefore correlated with general resistance to diseases and
parasites (18, 19).

Early in March during 1998 and 1999, we immunized female
lizards with 50 ml of a vaccine containing a novel antigen (tetanus
toxoid) that induced their primary antibody responses (vaccine
provided by Statens Serum Institut, Copenhagen). Females were
then revaccinated (boosted) in the field, 5–56 days after the
primary immunization (mean 5 29.69 days; SE 5 6 1.391).
Later in the season, we caught the gravid females and brought
them into the laboratory to obtain eggs (see Study Organism,
General Field, and Laboratory Work). Females were bled in
conjunction with these captures (3–35 days after boosting;
mean 5 12.55; SE 5 61.139). Blood samples were taken from
the postorbital sinus by using two to three 50-ml hematocrit tubes
that were kept on ice for 4–6 h before centrifugation. Samples
were centrifuged and plasma was extracted and frozen at 220°C
until later analysis.

Antibody responses toward the tetanus antigen in the plasma
samples were analyzed by using a standard ELISA (with a
rabbit-anti-lizard immunoglobulin antibody as secondary anti-
body), with a modified laboratory protocol that was originally
developed for birds (see ref. 17 for methodological details).
Antibody titers were expressed in units/ml, by using a standard
pool of plasma as reference (17). Antibody responses were not
significantly influenced by time from immunization to boosting
(F1,34 5 1.894; P 5 0.18) or by time from boosting to bleeding
(F1,34 5 0.079; P 5 0.78). Before analysis, we removed the effects
of year and laying date on antibody responses, and hence residual
antibody responsiveness is shown (e.g., Fig. 1).

Cell-mediated immune responsiveness was measured by using
delayed-type hypersensitivity (DTH) tests, a standard assay of
cell-mediated immune responsiveness in veterinary medicine
(18, 19). We injected the lizard’s right and left front foot pads
with phytohemagglutinin solution (PHA-P, Sigma) and sterile
PBS, respectively, and measured the swellings with digital cali-
pers (to the nearest 0.01 mm) 20–24 h after the injections. DTH
index was calculated as the difference in swellings between the
left foot pad (control: PBS only) and the right foot pad (50 mg
of PHA-P dissolved in 5 ml PBS).

Statistical Analysis. We used parametric statistics (ANOVAs and
multiple regression) to analyze the effects of female morphotype
and number of neighbors on immune function and survival. In
parametric statistics it is assumed that residuals are normally

distributed and that treatment effects are randomized (20).
These assumptions may be violated, for instance, when the
dependent variable (survival) is bimodal or when ‘‘treatments’’
(e.g., number of female neighbors) may not be completely
randomized between the two morphs. We therefore checked and
confirmed the significance of some of the P values we obtained
from the parametric analyses by using the software RESAMPLING
STATS (21). The original data sets were resampled (with replace-
ment) in 1,000 bootstrap replications, and confidence limits
(CLs) of parameters (regression slopes) were estimated (21).
Results from the parametric analyses and the resampling pro-
cedure were identical, unless otherwise stated. In addition, we
visualized the fitness functions between survival and immune
responsiveness by using the nonparametric cubic-spline regres-
sion technique (22).

We calculated heritability of immune responsiveness and the
genetic correlation between antibody responsiveness and female
throat color by using parent–offspring regression analysis and by
calculating the reciprocal cross-covariances of trait values mea-
sured in free-living dams and their free-living daughters (14, 23,
24). When estimating the genetic correlations, we scored yellow
females as ‘‘0’’ and orange females as ‘‘1,’’ following our previous
approach (14). Although the quantitative genetic estimates
obtained from comparisons of mothers and their daughters may
have been somewhat inflated by various nongenetic maternal
effects (23–24), the design of our experimental field study (e.g.,
egg size manipulations and randomized releases of hatchlings)
controlled for many of these confounding sources of variation
(see Study Organism, General Field, and Laboratory Work).

Results
Antibody responsiveness declined significantly with increased
number of neighbors, among both yellow and orange females
(Fig. 1; F1,46 5 11.505, P 5 0.0014, n 5 48). Solitary females (no
neighbors) had stronger antibody responses than females with 1,
2, 3, or 4 neighbors, indicating that the presence of many
neighbors leads to immunosuppression through density-
dependent territorial interactions and social crowding. Although

Fig. 1. Antibody responsiveness as a function of number of female neigh-
bors surrounding female lizards. Effects of year and laying date of the focal
female were removed in separate regression analyses before this model
(residual variation is shown). F, Orange females (n 5 19); E, yellow females
(n 5 29). The decline in antibody responsiveness was significant for both
female morphs (see Results).
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antibody responsiveness declined with increased number of
neighbors among both female morphs, the effect of local crowd-
ing was stronger in orange females (Fig. 1).

The stronger effects of crowding on fitness in orange than
yellow females in our population (14) and the fact that orange
females may be hyperdispersed relative to each other (unpub-
lished observations), may have created spatial bias in the social
environment that each morph encountered in nature (see Fig. 1).
Because this may also have affected the results from the para-
metric statistical analyses, we resampled CLs of regression
coefficients (21) when comparing how the two morphs re-
sponded to changes in the density environment.

Antibody responsiveness declined significantly with increased
number of neighbors both among yellow females (99.9% CLs for
regression slopes (unitszml21zneighbors21): 24.7606 to 20.1490,
n 5 29, P , 0.001) and among orange females (99% CLs:
211.8310 to 20.9287, n 5 19, P , 0.01). The decline in antibody
responsiveness with increased number of neighbors was signif-
icantly steeper among orange than among yellow females
(Morph 3 Number of female neighbors: 95% CLs: 27.4679 to
20.5723, n 5 48, P , 0.05).

We recorded female survival from the first to the second
clutch in the field and investigated the effects of female mor-
photype, number of neighbors, and antibody responsiveness. The
fitness functions (22) linking survival to variation in immune
responsiveness were different in sign for the two female color
morphs: survival increased with increasing immune responsive-
ness among yellow females, whereas there was a negative rela-
tionship among orange females (Fig. 2). The relationship be-
tween antibody responsiveness and survival was positive in
yellow females, and the effect was not confounded by any density
effects unrelated to immune function (multiple regression using
randomization procedure; Antibody responsiveness: 99% CLs,
0.0024 to 0.0346, n 5 31, P , 0.01; Number of female neighbors:
95% CLs, 20.1133 to 0.0930, n 5 31, P . 0.05). The negative
relationship between survival and antibody responsiveness in
orange females approached, but did not reach, significance,
perhaps because of lower sample sizes of oranges (Antibody
responsiveness: 95% CLs, 20.0308 to 0.0476, n 5 18, P 5 0.09;
Number of female neighbors: 95% CLs, 20.3128 to 0.3007, n 5
18, P . 0.05).

The slopes of the two fitness functions differed significantly
between orange and yellow females (Morph 3 Antibody response:
99% CLs, 20.0597 to 20.0016; P , 0.01), but the number of
neighbors had no effect (95% CLs: 20.1076 to 0.0922, P . 0.05).
This finding suggests that variation in immune function affected
survival in both morphs, albeit in different ways, and that these
effects were not confounded by other density-dependent effects
unrelated to immune function. More generally, the significantly
different slopes of the two fitness functions is an example of
morph-specific selection (‘‘correlational selection’’) between
female morphotype and antibody responsiveness (see also refs.
14 and 25–27 for other examples of correlational selection). The
correlational selection gradient (g; ref. 26) between female
throat color and antibody responsiveness was 20.365 (28).

Correlational selection of the kind we have demonstrated will
build up a genetic correlation between two heritable characters,
even if these traits are governed by separate loci (23–27). Both
throat coloration (12, 14, 16) and variation in immune respon-
siveness are highly heritable traits in our population (heritability
for antibody responsiveness: h2 5 0.88; SE 5 60.291; F1,40 5
9.223; P 5 0.0042). In the heritability analysis of dams’ and their
daughters’ antibody responsiveness, there was no significant
effect of egg mass from which offspring hatched or maternal
mean egg mass (P 5 0.30 and P 5 0.69, respectively). Because
the local density suppressed immune function (Fig. 1), herita-
bility may be inflated if parental and offspring generations would
occupy similar density environments. However, there was no

evidence for any such effect; if anything, the relationship be-
tween a daughter’s local density and her mother’s density was
slightly negative, although not significantly (b 5 20.35, F1,19 5
2.677; P 5 0.12).

Even if female morphotype and immune responsiveness are
likely to be under control by different sets of loci, correlational
selection can lead to linkage disequilibrium of the alleles be-
tween these different loci, similar to that reported for antipreda-
tor and coloration traits in previous studies of color-polymorphic
snakes (25–27). Hence, a genetic correlation between female
morphotype and immune responsiveness would be formed with
yellow dams producing daughters with relatively high immune
responsiveness, and orange dams producing daughters with
relatively low immune responsiveness.

Indeed, we found evidence for such a genetic correlation when
we compared the immune responsiveness between the daughters
of orange and yellow females (Fig. 3). The average genetic
correlation (6SE), based on reciprocal cross-covariances (23,
24), between female throat color and antibody responsiveness
was 21.36 (6 0.55). In addition to the effects of maternal throat
coloration, antibody responsiveness was also significantly af-
fected by mean egg mass of the dam and cell-mediated immune
response of the dam (dam’s mean egg mass: F1,26 5 5.386; P 5
0.028; dam’s DTH: F1,26 5 8.943; P 5 0.0060). Genetic corre-
lations between humoral (antibody responsiveness) and cell-
mediated immune responses (DTH) have previously also been
found in quantitative genetic studies and laboratory selection

Fig. 2. Fitness functions (survival from first to second clutch) for yellow (A)
and orange (B) female lizards as a function of antibody responsiveness. Fitness
functions show probability of survival (died 5 0; survived 5 1) and were
visualized by using the nonparametric cubic-spline regression technique (22).
Thick line: mean survival probability. Upper and lower thin lines: 6 SEs,
calculated from 1,000 bootstrap replications. E, Survivors; F, nonsurvivors.
The slopes of the fitness functions differ significantly between the two female
morphs (see Results), reflecting correlational selection (25–28) between fe-
male morphotype and antibody responsiveness.
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experiments on immunological traits in domestic vertebrates
such as poultry (29, 30). The reciprocal relationship between a
daughter’s throat score and maternal antibody responsiveness
was also significant (dam’s antibody responsiveness: F1,16 5
11.731; P 5 0.0035; dam’s mean egg mass: F1,16 5 6.896; P 5
0.018; dam’s DTH: F1,16 5 0.003; P 5 0.95).

Discussion
The results in this study indicate that density-dependent social
interactions from many neighbors had a negative effect on
immune responsiveness of side-blotched lizards. The effect of
crowding also differed between two heritable color morphs, and
variation in immune function seemed to affect fitness in different
ways in the two color morphs. This difference in sign of the
fitness functions promotes correlational selection, which pre-
sumably is responsible for the genetic correlation between
female throat color and antibody responsiveness. The results
indicate that immune function is density-dependent, and that
immune function and female morphotype jointly influence
fitness. Genetic differences in sensitivity to density fluctuations
have been recently suggested to play an important role in
population ecology, and could even maintain genetic polymor-
phisms for immunological traits (3, 4). To verify the causality of
these relationships, one would need to experimentally manipu-
late both variation in local densities and individual variation in
immune function.

The proximate causes behind the negative relationship be-
tween local density and immune function (Fig. 1) may be due to
increased levels of corticosteroids in high-density environments
and concomitant immunosuppressive effects of these hormones
(refs. 3 and 4; T.C., B.S., E.S., and J. Wingfield, unpublished
data). Alternatively, both exposure and transfer of natural
pathogens may increase in crowded neighborhoods. Such natural
pathogens may divert the attention of the immune system,
resulting in reduced antibody responses toward the novel antigen
that we used in this study. These two scenarios are not mutually

exclusive, and both the corticosteroid hypothesis and the infec-
tion hypothesis predict immunosuppression and increased
risks of acquiring novel pathogens or parasites in high-density
environments.

The positive relationship observed between immune respon-
siveness and survival in yellow females (Fig. 2 A) suggests that
there is selection for enhancement of antibody responsiveness in
this morph. Preliminary field observations indicate that side-
blotched lizards suffer from both ectoparasites, such as mites,
and blood-borne parasites such as Plasmodium (E.S. and T.
Mappes, unpublished observations). Ecto- and endoparasites
may prove to be the factor that selects for enhanced immune
responsiveness in yellow females (Fig. 2 A).

Models of host–parasite co-evolution suggest that host resis-
tance mechanisms, like immune defense, not only are beneficial
but also are costly to maintain (31). The benefits of resistance in
the presence of pathogens and parasites will make such costs
difficult to detect. However, in the absence of parasites, immu-
nity is expected to result in net fitness costs, particularly in
competitive and harsh environments (32–33). Recent studies on
invertebrates have indeed demonstrated not only that immune
responses and other forms of host resistance are costly, but also
that costs are accelerated during high workloads (5) and in
competitive and crowded environments (32). The negative re-
lationship we detected between survival and immunity among
orange females (Fig. 2B) and orange female’s higher sensitivity
to social crowding (Fig. 1) are consistent with such costs of
immunity. Orange females had markedly reduced fitness when
surrounded by other orange females (14) and appear to be
hyperdispersed relative to other orange females in our study area
(unpublished observations). These results indicate that orange
females are highly sensitive to social crowding, either because of
elevated aggression from territorial neighbors or because they
suffer from increased risks of parasites or pathogen transfer in
high-density environments. Interestingly, antibody responses
among orange females decreased more steeply with increased
crowding than among yellow females (Fig. 1). This response
could be part of an adaptive strategy among orange females to
avoid eliciting costly immune responses in harsh high-density
environments. Finally, morphs may also differ in their prefer-
ences for certain habitats or density environments, and such
morph-specific environment preferences could in turn have led
to differential exposure and pressure from parasites and patho-
gens in the two morphs.

The high heritability and genetic correlations found in this
study and other studies of our population (14, 16) do not seem
to be inflated by nongenetic maternal effects, because our
experimental manipulations controlled for many confounding
environmental variables (see Materials and Methods). Further-
more, in our studies we have found that sire–son and sire–
daughter regressions using molecular paternity data gave similar
results as dam–offspring regressions, which is of interest because
sire–offspring comparisons are free from maternal effects (16,
23–24). The high heritability for throat color and the strong
genetic correlations between color and other traits is consistent
with the existence of a gene of major effect that both controls
throat color and has pleiotropic effects on suites of other life
history traits (14). Endocrine genes are good candidates in this
regard, because hormones typically have multiple effects on
several different traits, including throat coloration (13–15).

However, it is also likely that female morphotype and antibody
responsiveness are at least partly governed by separate genes,
given the large number of loci that contribute to immune
function (34). Even if this is the case, correlational selection (26,
28) between these traits will, in the long run, lead to the buildup
of adaptive linkage disequilibrium that will result in a genetic
correlation between female throat color and antibody respon-
siveness (Fig. 3). Genetic correlations that are built up and

Fig. 3. Antibody responsiveness of daughters in relation to throat color of
dams (maternal morphotype). Data show antibody responsiveness of daugh-
ters that recruited to the breeding population (1999) in relation to the throat
color of their mothers breeding in the preceding year (1998). Yellow females
produced daughters that had significantly higher antibody responses than the
daughters of orange female (F1,28 5 4.880; P 5 0.035). The effects of maternal
mean egg mass and DTH response were removed before this analysis (residual
variation is shown in the figure).
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preserved by natural or sexual selection may be eroded by
recombination, but if selection is strong enough relative to
recombination, the correlation can be maintained over a con-
siderable time span (23–27). Because the female morphs are
involved in an intrinsic genetic cycle driven by frequency-
dependent selection (14), correlational selection on the morphs
will continually be reinforced and chronic in the long run.

Correlational selection and its effects on genetic correlations
have rarely been demonstrated in natural populations, but could
be a general phenomenon that explains striking differences in
morphology, physiology, and behavior of heritable morphs in
this and other species (12–16, 25–27). Although our data are
from female lizards, similar genetic correlations that are built up
and preserved by correlational selection play an important role
in theoretical models of sexual selection in males (35, 36). Recent
empirical studies have demonstrated such genetic correlations
between condition, male attractiveness, and ornamental char-
acters (37, 38). Our results indicate that a genetic correlation
between a signaling trait (throat coloration) and a condition trait
(immunological condition) need not be restricted to the male sex
and hence could be a more general phenomenon in natural
populations. The genetic correlation arises because correlational
selection (14, 26, 28) couples genetic variation in both throat
color and immune function through these two trait’s interactive
effects on fitness (cf. ‘‘pure epistasis models’’; ref. 36). Throat

color plays an important role in sexual selection and the main-
tenance of alternative reproductive strategies in both male and
female side-blotched lizards (12, 14, 16), and our results suggest
that it could reliably provide information about immunological
condition. The genetic correlations between throat color and
other traits are likely to be the result of selection for different
optimal character combinations in the morphs. Our future goal
will be to further investigate the selectively driven buildup and
maintenance of genetic correlations between throat color and
other fitness-related characters (e.g., clutch size and egg mass,
see ref. 14; for immune function, see above).
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